Introduction
============

Nuclear factor (NF)-κB is a family of transcription factors which exist in most vertebrates cell types as homo- and heterodimers of five structurally related Rel/NF-κB proteins [1](#R1){ref-type="bib"} [2](#R2){ref-type="bib"}. In nonstimulated cells, NF-κB is sequestered in the cytoplasm in an inactive form via interaction with inhibitory proteins, the inhibitors of NF-κB (IκBs; reference [3](#R3){ref-type="bib"}). The three most important IκBs, IκBα, IκBβ, and IκBε [4](#R4){ref-type="bib"} [5](#R5){ref-type="bib"} [6](#R6){ref-type="bib"} [7](#R7){ref-type="bib"}, bind the Rel homology domain (RHD) of NF-κB dimers and mask their nuclear localization signal (NLS; [8](#R8){ref-type="bib"} [9](#R9){ref-type="bib"} [10](#R10){ref-type="bib"} [11](#R11){ref-type="bib"}). Upon stimulation with various agonists such as bacterial products, proinflammatory cytokines, viral proteins, and radiations, IκBs are rapidly phosphorylated at two serines located in their NH~2~-terminal regulatory region, ubiquitinated, and degraded [12](#R12){ref-type="bib"} [13](#R13){ref-type="bib"}. The exposure of the NLS determines a rapid nuclear translocation of NF-κB, which then binds target decanucleotide sequences and activates transcription of several genes, including those encoding proinflammatory chemokines and cytokines, adhesion molecules, antiapoptotic or cytoprotective genes, and several others [2](#R2){ref-type="bib"} [14](#R14){ref-type="bib"}. After NF-κB--dependent resynthesis, IκBα enters the nucleus, enhances NF-κB removal from DNA [15](#R15){ref-type="bib"}, and takes it back to the cytoplasm, thus restoring the inducible cytoplasmic pool of NF-κB [16](#R16){ref-type="bib"}. In the last years, several important breakthroughs have clarified the essential cytoplasmic steps of NF-κB regulation: a multisubunit IκB--kinase complex receiving signals from several upstream pathways and capable of directly phosphorylating the IκBs at the regulatory NH~2~-terminal serines has been identified [17](#R17){ref-type="bib"}, and its components have been cloned ([18](#R18){ref-type="bib"} [19](#R19){ref-type="bib"} [20](#R20){ref-type="bib"} [21](#R21){ref-type="bib"} [22](#R22){ref-type="bib"}; for reviews see references [23](#R23){ref-type="bib"} and [24](#R24){ref-type="bib"}). In addition, the ubiquitin--ligase complex that binds and ubiquitinates the IκBs has been identified and shown to be a member of the SKp1-Cullin-F-box (SCF)-type E3 ubiquitin ligases [23](#R23){ref-type="bib"} [25](#R25){ref-type="bib"} [26](#R26){ref-type="bib"}.

However, the advanced knowledge of the molecular mechanisms regulating NF-κB activity at the cytoplasmic level (i.e., phosphorylation and degradation of IκBs) contrasts sharply with the paucity of information on the mechanisms governing NF-κB activity in the nucleus. We studied how NF-κB is recruited to target promoters and enhancers in intact cells using a very powerful and increasingly popular technique, chromatin immunoprecipitation (ChIP; reference [27](#R27){ref-type="bib"}). In this study, we show that in lipopolysaccharide-stimulated macrophages, recruitment of NF-κB to target genes occurs in two temporally distinct phases. A subset of target genes whose promoter is already heavily acetylated before stimulation is constitutively and immediately accessible to NF-κB and is transcribed immediately after NF-κB recruitment ([c]{.ul}onstitutively and [i]{.ul}mmediately [a]{.ul}ccessible genes \[CIA genes\]). In contrast, other target genes (that we indicate as genes with [r]{.ul}egulated and [l]{.ul}ate [a]{.ul}ccessibility \[RLA genes\]) are not immediately accessible to NF-κB. Recruitment of NF-κB to their promoters occurs between 90 and 120 min after nuclear entry and is preceded by the formation of an initial transcription factors complex that directs the hyperacetylation of the promoter and makes it accessible to NF-κB. The dependency of NF-κB recruitment to RLA promoters on stimulus-induced modifications in chromatin structure is a mechanism allowing a highly selective activation of these genes in response to a subset of NF-κB activators.

Materials and Methods
=====================

Cell Culture.
-------------

The murine macrophage cell line Raw 264.7 was obtained from American Type Culture Collection. For all the experiments described here, cells were used between the 4th and 10th passage.

Antibodies.
-----------

The anti p65 (c-20) affinity-purified rabbit polyclonal antibody and the anti-cJun (H79) antibody were obtained from Santa Cruz Biotechnology, Inc. The anti-IκBα mouse monoclonal antibody is from Imgenex. The antiacetylated histone H4 antiserum was obtained from Upstate Biotechnology.

ChIP Assay.
-----------

After stimulation, cells were fixed by adding directly to the medium formaldehyde (HCHO; from a 37% HCHO/10% methanol stock; Calbiochem) to a final concentration of 1%. After 10 min, ice-cold PBS was added and plates were transferred on ice, washed extensively with PBS, and scraped. After centrifugation, cells were lysed for 5 min in L1 buffer (50 mM Tris, pH 8.0, 2 mM EDTA, 0.1% NP-40, 10% glycerol) supplemented with proteases inhibitors. Nuclei were pelleted at 3,000 rpm in microfuge and resuspended in L2 buffer (50 mM Tris, pH 8.0, 1% SDS, 5 mM EDTA). Chromatin was sheared by sonication (4 × 12 s at one-fifth of the maximum potency), centrifuged to pellet debris, and diluted 10 times in dilution buffer (50 mM Tris, pH 8.0, 0.5% NP-40, 0.2 M NaCl, 0.5 mM EDTA). Extracts were precleared for 3 h with 80 μl of a 50% suspension of salmon sperm--saturated protein A (ss protein A). Immunoprecipitations were carried out at 4°C overnight. Immune complexes were collected with ss protein A and washed three times (5 min each) with high salt buffer (washing buffer: 20 mM Tris, pH 8.0, 0.1% SDS, 1% NP-40, 2 mM EDTA, 500 mM NaCl) and three times with low salt buffer (1× Tris/EDTA \[TE\]). Immune complexes were extracted in 1× TE containing 1% SDS, and protein--DNA cross-links were reverted by heating at 65°C overnight. After proteinase K digestion (100 μg, 1 h at 50°C), DNA was extracted by phenol--chloroform and ethanol precipitated. About 1/20 of the immunoprecipitated DNA was used in each PCR. Sequences of promoter-specific primers and more detailed technical information are available upon request.

Results
=======

Kinetic Analysis of NF-κB Activation and Recruitment to the IκBα Promoter.
--------------------------------------------------------------------------

Stimulation of Raw 264.7 murine macrophages with lipopolysaccharide determines a fast degradation of IκBα, which is immediately followed by nuclear translocation of NF-κB and appearance of NF-κB DNA binding activity ([Fig. 1](#F1){ref-type="fig"} a), which lasts for about 4 h. We used the ChIP assay [27](#R27){ref-type="bib"} to measure NF-κB recruitment to specific promoters during the time in which this transcription factor is present in the nucleus. After stimulation, cells were fixed in formaldehyde, which promotes the formation of stable protein--DNA cross-links and therefore preserves relevant protein--DNA interactions. After lysis, extracts were sonicated to shear chromatin into fragments of an average size between 500 and 1,500 bp and aliquots of the extracts were immunoprecipitated with an affinity-purified antibody directed against p65/RelA (which in the form of heterodimers with p50 is the most abundant NF-κB species in these cells). After extensive and stringent washing, protein--DNA complexes were extracted, cross-links were reverted by heating, and released DNA was analyzed by semiquantitative PCR to detect an enrichment of specific promoters in the immunoprecipitates. We first analyzed p65/RelA recruitment to the IκBα promoter, a canonical NF-κB--dependent gene that is rapidly switched on after NF-κB activation (as indicated by the appearance of resynthesized IκBα at about 30 min after stimulation; see [Fig. 1](#F1){ref-type="fig"} a). Recruitment of p65/RelA to the IκBα promoter is extremely fast, being observed immediately after NF-κB entry in the nucleus ([Fig. 1](#F1){ref-type="fig"} b). Interestingly, removal of p65/RelA from this promoter is also very rapid, being most of the NF-κB binding to the IκBα gene lost in \<30 min from the stimulation. At this time point, accumulation of newly synthesized IκBα has just started and the overall NF-κB DNA binding activity (as detected by electrophoretic mobility shift assay \[EMSA\]) is at its peak. Therefore, it is extremely unlikely that removal of p65/RelA from this specific gene depends on newly synthesized IκBα. Interestingly, this promoter undergoes a very fast and transient deacetylation after stimulation (data not shown), but whether it is directly responsible for or facilitates NF-κB removal is to be determined. The histone H2A gene promoter (which has constitutive activity and no NF-κB sites) and the IL-2 promoter (which has an NF-κB site but is active only in T cells) were not found in the p65/RelA immunoprecipitates, thus suggesting the specificity of IκBα promoter enrichment. In addition, when a matched control antibody (anti-IκB kinase α \[IKKα\]) was used in the ChIP assay, no IκBα promoter was immunoprecipitated ([Fig. 1](#F1){ref-type="fig"} b).

Two Temporally Distinct Waves of NF-κB Recruitment to Target Genes.
-------------------------------------------------------------------

We next analyzed p65/RelA recruitment to other LPS-inducible NF-κB--dependent genes ([Table](#T1){ref-type="table"}). The promoter of the gene for the macrophage inflammatory protein 2 (MIP-2), a proinflammatory macrophage-derived chemokine with chemotactic activity towards neutrophils, contains a canonical NF-κB site and has been shown to be dependent on p65/RelA for induction [28](#R28){ref-type="bib"}. Similarly to the IκBα gene, p65/RelA recruitment to the MIP-2 promoter occurs rapidly, and no significant time gap could be observed between NF-κB entry in the nucleus and recruitment to MIP-2 ([Fig. 2](#F2){ref-type="fig"} a). Transcriptional induction of this gene also occurs very rapidly. However, in this case p65/RelA persists on the promoter for a much longer time (\>3 h) and it is still detectable after completion of IκBα resynthesis. Manganese superoxide dismutase (MnSOD) is a prototype antiapoptotic NF-κB--inducible protein which protects mitochondria from superoxide radical--mediated damage. The MnSOD intronic enhancer contains a canonical NF-κB site ([Table](#T1){ref-type="table"}) that is responsible for the NF-κB dependency of MnSOD expression [29](#R29){ref-type="bib"}; also in this case p65/RelA is recruited quickly and persistently, and transcriptional induction occurs shortly after initial NF-κB binding ([Fig. 2](#F2){ref-type="fig"} a). Thus, NF-κB persists on both MnSOD enhancer and MIP-2 promoter long after IκBα resynthesis has been completed and the overall NF-κB DNA binding activity has significantly declined. The apparent dissociation between IκBα resynthesis and NF-κB persistence on target promoters suggests that under physiological conditions, newly synthesized IκBα is not sufficient to promote NF-κB removal from target genes. A potential mechanism explaining the persistence of NF-κB on target sequences after completion of IκBα resynthesis is represented by the protection of NF-κB--DNA interaction by newly synthesized, unphosphorylated IκBβ: as proposed [6](#R6){ref-type="bib"} [30](#R30){ref-type="bib"}, this molecule may interact with DNA-bound NF-κB without displacing it and conversely affording protection from newly synthesized IκBα at the promoter level.

In sharp contrast with these three genes, which appear to be immediately accessible to NF-κB, other promoters displayed a significantly different behavior. NF-κB recruitment to the promoters of the regulated upon activation, normal T cell expressed and secreted (RANTES) chemokine, the macrophage chemoattractant protein 1 (MCP-1), and the IL-6 genes occurred with a markedly slower kinetic, i.e., between 90 and 120 min from stimulation ([Fig. 2](#F2){ref-type="fig"} b). A good correlation between NF-κB recruitment and accumulation of the corresponding mRNA was found, thus suggesting that high level transcription of these genes does not occur before NF-κB recruitment. This is in agreement with previous reports indicating that transcriptional induction of these genes is indeed NF-κB dependent (see among the others references [31](#R31){ref-type="bib"} [32](#R32){ref-type="bib"} [33](#R33){ref-type="bib"}). It is interesting to note that when NF-κB is recruited to these promoters, the overall NF-κB DNA binding activity is significantly reduced with respect to the early phases of stimulation (see [Fig. 1](#F1){ref-type="fig"} a). Thus, an extremely important implication of these results is that total NF-κB binding activity detected by EMSA does not reflect the specific NF-κB activity on individual promoters.

Late NF-κB Recruitment to Target Promoters Is Preceded by Stimulus-induced Histone H4 Hyperacetylation.
-------------------------------------------------------------------------------------------------------

One possibility to consider is that the affinity of NF-κB for the recognition sites contained in the MCP-1, IL-6, and RANTES promoters is low, and that efficient binding may require cooperative interactions with other transcription factors, thus resulting in a slower recruitment of NF-κB to these genes. However, sequence analysis shows that the number and predicted affinity of the NF-κB sites contained in the MCP-1, IL-6, and RANTES promoters is not significantly different from those in MIP-2, MnSOD, and IκBα ([Table](#T1){ref-type="table"}). In particular, the highly conserved guanines at positions 1, 2, and 3, and the cytosines at positions 9 and 10, are present in all sites [34](#R34){ref-type="bib"}. Position 8 is a thymine in all sites except in MnSOD. The central nucleotides, which minimally influences the overall binding affinity, do not show particular trends in the two groups of genes. Finally, the sequence of the NF-κB site in MIP-2 (a gene with immediate NF-κB recruitment) is identical to the sequence of one of the two NF-κB sites in MCP-1 (a gene with delayed NF-κB recruitment). Overall, this suggests that the observed differences in the kinetic of NF-κB recruitment to the genes under investigation do not arise from differences in the number or affinity of the NF-κB sites.

To explain the delay between NF-κB nuclear entry and recruitment to MCP-1, RANTES, and IL-6 promoters, we hypothesized that signal-induced changes in chromatin structure may be required to make these promoters accessible to NF-κB. Modification of chromatin structure is accomplished by the action of two distinct groups of enzymatic activities, namely chromatin remodeling and covalent modifications of N-terminal histone tails. ATP-dependent chromatin remodeling complexes act by modifying the spatial relationship between nucleosomes and DNA, either through changing the position of specific nucleosomes (sliding) or through altering their three-dimensional structure (for recent reviews, see references [34](#R34){ref-type="bib"} and [35](#R35){ref-type="bib"}). Covalent modifications of the N-terminal tails of histones H3 and H4 consist of acetylation, phosphorylation, methylation, and other less studied modifications (for reviews, see references [36](#R36){ref-type="bib"} [37](#R37){ref-type="bib"} [38](#R38){ref-type="bib"}). As the N-terminal tail domains of histones protrude out of the nucleosome, they provide an extended surface for interactions with other nucleosomes, thus modulating chromatin folding. At the same time, histone tails may act as receptors for enzymes implicated in signal transduction to chromatin and/or transcriptional regulation (discussed in reference [39](#R39){ref-type="bib"}). Therefore, covalent modifications of the N-terminal tails of core histones can affect both folding of the chromatin (and consequently accessibility of the underlying DNA) and recruitment to nucleosomes of enzymes or proteins implicated in transcriptional regulation and/or in modulation of chromatin structure.

The levels of core histones acetylation, which reflects the balance of histone acetyltransferase (HAT) and histone deacetylase (HDAC) activities on a specific gene, have long been correlated with the transcription status of many genes, being hyperacetylated histones usually associated with transcriptionally active genes [38](#R38){ref-type="bib"} [39](#R39){ref-type="bib"}. We therefore used a ChIP assay with an antiacetylated histone H4 antibody to measure the levels of acetylation of the promoters under investigation. The early bound and constitutively accessible promoters (IκBα, MIP-2, and the MnSOD enhancer) were all characterized by high basal levels of histone H4 acetylation ([Fig. 3](#F3){ref-type="fig"} a, and data not shown). Recruitment of NF-κB, which has previously been shown to contribute to stimulus-dependent acetylation of the human IFN-β promoter [40](#R40){ref-type="bib"}, is associated with a further increase in acetylation of the MnSOD enhancer, whereas acetylation of the IκBα and MIP-2 promoter was not augmented ([Fig. 3](#F3){ref-type="fig"} b, and data not shown).

Conversely, prestimulation levels of histone H4 acetylation in the RANTES, MCP-1, and IL-6 promoters were extremely low. However, a clear increase in the acetylation levels of these promoters was found to occur between 20 and 60 min after stimulation, being faster in the case of RANTES in comparison to MCP-1 and IL-6 ([Fig. 3](#F3){ref-type="fig"} b). From a quantitative point of view, the MCP-1 and RANTES promoters underwent a stronger hyperacetylation than the IL-6 promoter. Comparison of the kinetic of p65/RelA recruitment to these promoters ([Fig. 2](#F2){ref-type="fig"} b) with the kinetic of stimulus-induced acetylation ([Fig. 3](#F3){ref-type="fig"} b) indicates that NF-κB binding to these sequences occurs only after extensive hyperacetylation has occurred. We therefore considered the possibility that a transcription factors complex not containing NF-κB initially forms on these promoters and directs hyperacetylation and eventually other conformational changes that make the chromatin subsequently accessible to NF-κB. All of the promoters under study contain one or more c-Jun/AP1 DNA binding site. ChIP analysis of c-Jun recruitment to DNA ([Fig. 3](#F3){ref-type="fig"} c) shows that recruitment to MCP-1, RANTES, and IL-6 promoters starts at around 20 min, peaks at 60 min, and then slowly declines. Thus, an initial phase in the activation of these late promoters can be identified, in which c-Jun and probably other transcription factors are recruited and direct local histones acetylation and chromatin modifications but not transcriptional initiation. A similar multistep activation of an inducible promoter, the HO endonuclease promoter in yeast, has been described [41](#R41){ref-type="bib"}. In the HO promoter, transcription factor Swi5p recruits the Swi/Snf chromatin remodeling complex, which in turn makes the promoter accessible to the SAGA acetyltransferase multisubunit complex; only after these sequence of events is completed, transcription factor SBF is recruited and transcription is initiated. A sequential recruitment of chromatin modifying and general transcription factors to the IFN-β promoter in response to viral infection has also been described recently [42](#R42){ref-type="bib"}.

Constitutive or Regulated Accessibility of NF-κB--dependent Promoters.
----------------------------------------------------------------------

To test if signal-induced modifications in chromatin structure are required for MCP-1, RANTES, and IL-6 promoters to become accessible to NF-κB, we transfected Raw 264.7 with a p65/RelA expression vector. Under these conditions, p65 exceeds endogenous IκBs levels and freely enters the nucleus. We found that although transfected p65 could effectively bind the MIP-2 promoter and the MnSOD enhancer in unstimulated cells, it was not recruited to either the MCP-1, RANTES, or IL-6 promoters ([Fig. 4](#F4){ref-type="fig"} a, and data not shown), thus indicating that these promoters have to undergo modifications to become accessible to NF-κB. Additional evidence that signal-induced modifications of these promoters facilitates NF-κB binding comes from the analysis of IFN-γ effects. IFN-γ enhances the response of macrophages to LPS, in part by activating transcription factors such as IFN regulatory factor (IRF)1 and signal transducer and activator of transcription (STAT)1, which cooperate with c-Jun, NF-κB, and other transcription factors on target promoters. We found that IFN-γ pretreatment allows NF-κB to be recruited to the MCP-1 promoter with a considerably faster kinetic than in nonprestimulated cells (20 min vs. 90 min; [Fig. 4](#F4){ref-type="fig"} b). Analysis of histone H4 acetylation shows that IFN-γ induces a significant increase in MCP-1 promoter acetylation levels ([Fig. 4](#F4){ref-type="fig"} b), possibly through stimulation of IRF-1 binding and activity. Similar results were obtained with the RANTES promoter (data not shown).

Discussion
==========

In this study, we have shown that a chromatin-dependent regulatory mechanism generates two distinct classes of NF-κB--activatable genes: those containing CIA NF-κB sites (CIA genes) and those that have to be conformationally modified to become accessible to NF-κB before it is taken back to the cytoplasm (RLA genes). CIA promoters recruit NF-κB immediately after its nuclear entry and rapidly direct transcriptional activation. As they are constitutively accessible, they will recruit NF-κB no matter what is the stimulus that induced its nuclear translocation (and as a matter of fact they are also able to recruit transfected p65/RelA in the absence of any stimulation). Conversely, RLA genes are not accessible to NF-κB unless properly modified in response to stimulation. As transcription of these genes is NF-κB dependent, they will be transcribed only if changes in accessibility take place before the termination of the response, i.e., before NF-κB extrusion from the nucleus. Keeping a subset of NF-κB--dependent promoters in a NF-κB--inaccessible state that can be quickly reversed upon proper stimulation is a strategy with a tremendous regulatory impact, as it contributes to determine the panel of genes that will be transcribed in response to individual stimuli with a similar NF-κB--activating capacity. A considerable number of NF-κB inducers (ranging from bacterial molecules to radiations) with very different biological activities is known: mechanisms like the one described here participate in the configuration of a specific program of gene expression in response to each activator. In support of this model, in Raw 264.7, TNF-α has a similar potency to LPS in terms of ability to activate NF-κB; however, whereas TNF-α is a strong inducer of the CIA genes (IκBα, MIP-2, and MnSOD), it does not induce hyperacetylation and transcription of either of the three RLA genes tested (namely MCP-1, RANTES, and IL-6) (unpublished data).

The mechanism(s) responsible for the fast and stimulus-specific modification in RLA promoters accessibility to NF-κB requires further investigation. We have shown ([Fig. 3](#F3){ref-type="fig"}) that RLA promoters are hyperacetylated before NF-κB recruitment. Although acetylation of N-terminal histone tails may represent by itself the direct cause of the increased accessibility of target genes to NF-κB, it is possible and likely that chromatin remodeling events are implicated in the generation of an accessible state as well. Therefore, we favor a cautious and parsimonious interpretation of our results: we consider stimulus-induced hyperacetylation of histone H4 just as a marker of ongoing changes in RLA promoters\' structure. In this light, we can reasonably assume that RLA promoters are modified (as indicated by an increase in H4 acetylation) in response to stimulation before NF-κB is recruited. It could be speculated that the kinetic differences between p65 recruitment and histone H4 hyperacetylation may only reflect differences in the sensitivity of the ChIP assay, as the anti-acetyl H4 ChIP is more sensitive than the anti-p65 ChIP; indeed, many more histone H4 molecules than p65 molecules are likely to be present on a single promoter at a given time. Thus, the faster kinetic of histone H4 hyperacetylation compared with p65 recruitment may reflect a technical limitation of the anti-p65 ChIP assay rather than a true kinetic difference. However, the sensitivity of the ChIP assay can be increased just by increasing the number of PCR cycles in the last step of the assay. Even when the anti-p65 ChIP was carried out with eight PCR cycles more than the anti-acetyl H4 ChIP (40 vs. 32), we could not find any detectable p65 recruitment to either the MCP-1, RANTES, or IL-6 promoters before 90 min, thus substantially ruling out this possibility (data not shown). Moreover, when the ChIP assay was performed with antibodies against cJun/AP1 (which is supposed to be present on target promoters at a frequency similar to that of p65/RelA, and therefore lower than that of histone H4), its recruitment to RLA promoters was found to be faster than the increase in histone H4 acetylation.

However, a detailed characterization of nucleosomal organization before and after stimulation will have to be performed at the level of each individual promoter to define the molecular mechanisms responsible for the increase in NF-κB accessibility. Recent detailed studies have reported that in murine macrophages LPS induces a selective remodeling of a single, strategically positioned nucleosome encompassing the promoter elements required for the induction of the p40 subunit of IL-12 [43](#R43){ref-type="bib"}. This event, which is associated with a mild increase in histone H4 acetylation, occurs independently of the cRel subunit of NF-κB, which is required for transcriptional induction of the IL-12 p40 gene [44](#R44){ref-type="bib"}. Indeed, IL-12 p40 promoter remodeling can be observed also in cRel^−/^− macrophages [45](#R45){ref-type="bib"}; as the remodelled nucleosome covers the cRel binding site, it is likely that remodeling precedes cRel recruitment and is required to make the cRel binding site accessible (although this has not been directly tested by the authors). Thus, according to our classification, we could include the NF-κB(cRel)--dependent IL-12 p40 gene among the RLA genes.

It must be also considered that other factors in addition to nucleosome positioning are likely to affect NF-κB access to promoters. For instance, accessibility of a nucleosome-free NF-κB binding site may be reduced/abrogated by histone H1 (linker histone) molecules lying upon it (discussed in references [46](#R46){ref-type="bib"} and [47](#R47){ref-type="bib"}). Moreover, a nucleosome-free segment of DNA may be poorly accessible due to its intrinsic bending properties. On the other hand, DNA-histone contacts in nucleosomes can be altered by chromatin-remodeling complexes in a way that makes nucleosomal DNA accessible [35](#R35){ref-type="bib"}. Therefore, several factors in addition to nucleosome positioning have to be considered that may positively or negatively affect access of NF-κB to its binding sites and thus generate the biphasic recruitment we describe here.

It is implied in our model that distinct NF-κB activators differ in their ability to make RLA genes accessible to NF-κB. For instance, in the cellular system described in this study, TNF-α was found to be unable to modify accessibility to NF-κB of the RLA genes tested, whereas all of them were found to undergo changes in NF-κB accessibility in response to LPS. A molecular mechanism responsible for these differences may be represented by the exclusive induction by a subset of NF-κB activators of specific signal transduction pathways and transcription factors required to generate changes in promoters\' accessibility to NF-κB. However, a plausible alternative is that kinetic and quantitative differences in the induction of the same signal transduction pathways and transcription factors by different stimuli may generate dramatically different effect at the chromatin level (unpublished data).

Another important issue that will have to be investigated is how chromatin access to different Rel/NF-κB dimers (for instance cRel- or RelB-containing NF-κB complexes) is regulated. The main limitations to this studies is definitely the availability of antibodies capable of immunoprecipitating the different Rel proteins from formalin-fixed lysates.

Given the requirement for the different NF-κB subunits in the transcriptional induction of genes implicated in immune defense, cytoprotection, and cell growth, determining how chromatin accessibility to different NF-κB dimers is modulated in response to different activators and at the level of different genes may provide in the future the molecular basis for therapeutical interventions aiming at selectively blocking the induction of specific NF-κB--dependent genes, without affecting the induction of the others.
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*Abbreviations used in this paper:* ChIP, chromatin immunoprecipitation; CIA, constitutively and immediately accessible; EMSA, electrophoretic mobility shift assay; IκB, inhibitor of NF-κB; MCP-1, macrophage chemoattractant protein 1; MIP-2, macrophage inflammatory protein 2; MnSOD, manganese superoxide dismutase; NF-κB, nuclear factor κB; RANTES, regulated upon activation, normal T cell expressed and secreted; RLA, regulated and late accessibility.
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NF-κB Sites in the Promoters/Enhancers Under Investigation

  Gene     NF-κB site   Position
  -------- ------------ ----------
  IκBα     GGGGAAGTCC   −260
           GGGAATTTCC   −70
  MnSOD    GGGAATAGCC   
  MIP-2    GGGAATTTCC   
  MCP-1    GGGAACTTCC   −2,348
           GGGAATTTCC   −2,352
  IL-6     GGGATTTTCC   −73
  RANTES   GGGAGTTTCC   −78
           GGGCACTTCC   −58

![Early and transient recruitment of NF-κB to the IκBα promoter. (a) Kin-etic of NF-κB activation by LPS in Raw 264.7 macrophages. Cells were stimulated with 100 ng/ml LPS (*Escherichia coli* 055:B5; Sigma-Aldrich) for the indicated times. Detergent lysates were prepared and analyzed for NF-κB activation. The anti-IκBα immunoblot shows IκBα degradation and resynthesis, which is completed between 50 and 60 min from the stimulation. Anti-IκBa monoclonal antibody is from Imgenex. The blot was reprobed with anti-p65 (Santa Cruz Biotechnology, Inc.) to verify equal loading of the samples (second panel from the top). NF-κB DNA-binding activity in LPS-stimulated cells was analyzed by EMSA (n.s., non specific). Cytoplasmic vs. nuclear p65/RelA NF-κB levels in stimulated Raw 264.7 cells were analyzed in fractionated extracts (cy, cytoplasmic fraction; n, nuclear fraction). W.B., Western blot (b) Recruitment of p65/RelA to the IκBα promoter in LPS-stimulated Raw 264.7 cells. After stimulation, cells were fixed with 1% formaldehyde and lysed. The nuclear fraction was sonicated to shear chromatin in 0.5- to 1.5-kb fragments and immunoprecipitated with an anti-p65 affinity-purified rabbit polyclonal antibody (C-20; Santa Cruz Biotechnology, Inc.). p65-coprecipitating DNA was analyzed by semiquantitative PCR with promoter-specific primers amplifying the IκBα promoter, the H2A histone promoter, or the IL-2 promoter. In a control ChIP, an anti-IKKα affinity-purified rabbit polyclonal antibody (Santa Cruz Biotechnology, Inc.) was used.](JEM010320.f1){#F1}

![Two waves of NF-κB recruitment to target promoters. (a) ChIP assay with an anti-p65 antibody shows that NF-κB recruitment to MnSOD intronic enhancer and MIP-2 promoter occurs rapidly; in both cases binding persists for \>3 h. Conversely, recruitment to the RANTES, MCP-1, and IL-6 promoters (b) occurs relatively late during the stimulation, when the overall NF-κB DNA binding activity is already markedly reduced (see EMSA in [Fig. 1](#F1){ref-type="fig"} a). The kinetic of induction of each mRNA (evaluated by reverse transcription \[RT\]-PCR) is also shown.](JEM010320.f2){#F2}

![Stimulus-induced histone H4 hyperacetylation of a subset of NF-κB target promoters precedes NF-κB recruitment*.* Basal and stimulated levels of histone H4 acetylation were evaluated by ChIP analysis using an anti-AcH4 antiserum (Upstate Biotechnology). Both MnSOD intronic enhancer and MIP-2 promoter were found to display constitutively high levels of histone H4 acetylation (a) which in the case of MnSOD (but not of MIP-2) were further increased upon stimulation. The PCR was performed in the linear range of the amplification as verified using serial dilutions (1, 1:10, 1:100) of the DNA extracted from immunoprecipitation supernatant. The IL-2 gene promoter, which is not active in macrophages, has a constitutively very low level of H4 acetylation, which is not affected by stimulation. Differently from these two NF-κB--dependent promoters, prestimulation histone H4 acetylation levels in the MCP-1, RANTES, and IL-6 promoters were extremely low (b) but increased upon LPS treatment. Recruitment of NF-κB to these promo-ters and accumulation of the corresponding transcripts can be detected only after extensive acetylation has occurred (compare the kinetics shown in b with those in [Fig. 2](#F2){ref-type="fig"} b). The 0--45-min kinetic comes from a separate experiment. As a positive control (C) for MCP-1 hyperacetylation, the 90-min time point of this experiment is shown. (c) cJun/AP1 recruitment to MCP-1, RANTES, and IL-6 promoters precedes NF-κB recruitment and probably contributes to recruitment of histone acetyltransferases. Anti-cJun ChIP was carried out with a rabbit polyclonal antibody (H79; Santa Cruz Biotechnology, Inc.).](JEM010320.f3){#F3}

###### 

A subset of NF-κB--dependent promoters is not constitutively accessible to NF-κB, but accessibility can be increased by adequate stimulation. (a) Raw 264.7 macrophages were transfected with a p65 expression vector or empty vector. Under these experimental conditions, transfected p65 is constitutively nuclear (and can activate transcription from naked cotransfected DNA). ChIP assay with an anti-p65 antibody shows that p65 is recruited only to MnSOD and MIP-2 promoters but not on the MCP-1 and RANTES promoters. Stimulation with LPS for 2 h is followed by NF-κB recruitment to the latter promoters. (b) IFN-γ pretreatment induces hyperacetylation of the MCP-1 promoter and makes it immediately accessible to NF-κB. Raw 264.7 cells were prestimulated with IFN-γ for 2 h and then stimulated with LPS for 20 or 40 min. ChIP assay was performed with anti-p65 antibody or anti-AcH4 serum. Control dilutions of IP supernatant in the anti-AcH4 ChIP are shown. Similar results were obtained with the RANTES promoter.

![](JEM010320.f4a)

![](JEM010320.f4b)
